Few genetic and environmental correlations between life history and stress resistance traits affect adaptation to fluctuating thermal regimes T Manenti, JG Sørensen, NN Moghadam and V Loeschcke Laboratory selection in thermal regimes that differed in the amplitude and the predictability of daily fluctuations had a marked effect on stress resistance and life history traits in Drosophila simulans. The observed evolutionary changes are expected to be the result of both direct and correlated responses to selection. Thus, a given trait might not evolve independently from other traits because of genetic correlations among these traits. Moreover, different test environments can induce novel genetic correlations because of the activation of environmentally dependent genes. To test whether and how genetic correlations among stress resistance and life history traits constrain evolutionary adaptation, we used three populations of D. simulans selected for 20 generations in constant, predictable and unpredictable daily fluctuating thermal regimes and tested each of these selected populations in the same three thermal regimes. We explored the relationship between genetic correlations between traits and the evolutionary potential of D. simulans by comparing genetic correlation matrices in flies selected and tested in different thermal test regimes. We observed genetic correlations mainly between productivity, body size, starvation and desiccation tolerance, suggesting that adaptation to the three thermal regimes was affected by correlations between these traits. We also found that the correlations between some traits such as body size and productivity or starvation tolerance and productivity were determined by test regime rather than selection regime that is expected to limit genetic adaptation to thermal regimes in these traits. The results of this study suggest that several traits and several environments are needed to explore adaptive responses, as genetic and environmentally induced correlations between traits as results obtained in one environment cannot be used to predict the response of the same population in another environment.
INTRODUCTION
Temperature is one of the environmental measures that most strongly affects and limits the distribution of species, by affecting physiological processes, behavior, stress resistance and life history traits (Feder, 1988; Hoffmann and Parsons, 1991 ). An increasing number of evolutionary and ecological studies have recently focused on the effects of short-or long-term variation of temperatures (Ketola et al., 2004; Kingsolver et al., 2009; Hallsson and Bjorklund, 2012; Kellermann et al., 2015) . Using fluctuating temperatures can be argued to have a greater ecological relevance compared with constant ones, as they are a better proxy of a natural environment (Boyce et al., 2006; Schreiber, 2010) . Still, mechanisms that allow organisms to cope with and adapt to different fluctuating temperature regimes are not properly understood.
Short-term adaptive responses to varying temperatures are expected to depend on the ability to rapidly adjust the phenotype by phenotypic plasticity (Pal, 1998; Lande, 2009; Chevin and Lande, 2010; Kellermann et al., 2015) . For instance, Manenti et al. (2014) found high levels of plasticity in a natural population of Drosophila simulans induced by different fluctuating thermal regimes that differed in the amplitude and predictability of daily fluctuations. A single generation exposure to fluctuating temperatures was shown to lead to an increased thermal stress resistance because of acclimation as induced by the experience of high and low temperatures during development (Hoffmann et al., 2003; Sejerkilde et al., 2003; Chown and Terblanche, 2007; Manenti et al., 2014) . At the same time, coping with daily fluctuating temperatures is expected to demand higher energetic costs (trade-off) , that may result in negative correlations between stress resistance and life history traits in flies exposed to fluctuating thermal regimes. However, after several generations of laboratory natural selection in constant or fluctuating thermal regimes, Manenti et al. (2015) found changes in the performance of flies in trait means but no changes in the levels of plasticity in body size, developmental time, desiccation and starvation tolerance as well as in heat and cold resistance. The authors suggested that plasticity might be evolutionary constrained and that evolutionary changes in trait means are the main adaptive mechanism to respond to constant, predictable and unpredictable daily fluctuations of temperatures. Similarly, Klepsatel et al. (2013) found similar levels of plasticity in several life history traits in six natural populations of Drosophila melanogaster from markedly different geographic locations, also suggesting that adaptation to such different thermal regimes might occur through changes in trait means rather than in the plasticity of these same traits.
Trait means might, however, not be free to evolve independently from each other in different regimes because of genetic correlations among them. Genetic correlations can be the results of pleiotropy, linkage disequilibrium or of the correlated response of the two traits of interest with a third trait subjected to selection (Clark, 1987; Stearns, 1992) . Changes in the environmental conditions can affect the variance of traits and trait interactions differently (Service and Rose, 1985; Hoffmann and Parsons, 1991; Hoffmann and Merila, 1999; Sgro and Hoffmann, 2004; Saltz, 2011) , as the exposure to novel environmental conditions activate or depress the expression of different genes (Rose, 1984; Vieira et al., 2000; Mackay, 2001; Borevitz et al., 2002) . Temperatures have been shown to have such effects on the genetic correlation between traits (Windig, 1994; Krebs and Loeschcke, 1999; de Jong and Imasheva, 2000; Norry and Loeschcke, 2002) . For example, Norry and Loeschcke (2002) found that different temperatures and different genetic backgrounds affected the correlation between longevity and body size, and between body size and developmental time. The effect of the environmental conditions in shaping genetic constraints might affect the evolutionary response to different thermal regimes. Moreover, genetic interactions between traits (Hoffmann and Sgro, 2011; Duputie et al., 2012) can lead to indirect correlated responses observed in traits (Lande and Arnold, 1983) or limited response to selection in a nonstressful environment (Etterson and Shaw, 2001; Blows and Hoffmann, 2005; Kirkpatrick, 2009) , affecting the evolutionary response to different thermal regimes.
As said before, Manenti et al. (2015) found that adaptation to constant, predictable and unpredictable daily fluctuations of temperatures was mainly achieved by evolutionary changes in trait means and not through changes in the levels of plasticity. Here we reanalyzed data from Manenti et al. (2015) to investigate how adaptation to constant, predictable and unpredictable thermal regimes affected the genetic correlations between four life history (productivity, egg-to-adult viability, developmental time and body size) and four stress resistance traits (heat, cold, starvation and desiccation tolerance) in flies maintained for 20 generations under natural laboratory selection in constant (C), predictable (PF) or unpredictable (UF) fluctuating thermal regimes. Moreover, we explored whether and how a single generation exposure to such different thermal regimes affected the correlations between traits (environmental correlation). Specifically, we investigated (1) the presence of genetic constraints among traits in flies selected for several generations in the C, PF and UF regimes. In the cases of significant correlations between traits, we hypothesized two possible scenarios: (a) correlations between traits are consistent in sign and magnitude between selection regimes, indicating that genetic correlations do not markedly shape adaptation to different thermal regimes; and (b) correlations between traits are different in different selection regimes, indicating an important role of genetic correlations in shaping adaptation to C, PF and UF regimes.
We also investigated whether (2) a single generation exposure to different thermal regimes resulted in different genetic correlations between traits (environmental correlations). Traits environmentally correlated might limit the evolutionary potential of trait means, leading to similar environmental correlations between traits in flies selected in different selection regimes.
MATERIALS AND METHODS

The origin of the population
The population of D. simulans used in this study was collected close to Bologna, Italy (44.271647N, 11 .04686 E), in August 2012 (Manenti et al., 2014) . A mass population was established with ∼ 350 wild-caught Drosophila females.
Flies were kept for two generations at 23°C before starting the laboratory natural selection (for further details, see Manenti et al., 2015) .
Selection procedure
Flies were randomly divided into 9 groups (each group with ∼ 500 individuals) that were randomly split in the three thermal selection regimes, with three biological replicates (replicate) for each of them. The three selection regimes were characterized by either daily constant 23°C (constant (C)), by consistent daily fluctuations of temperatures with the minimum and maximum temperatures of 13 and 28°C, respectively (predictable fluctuating regime (PF)) and by a fluctuating temperature where the daily minimum and maximum temperatures were randomly generated (unpredictable fluctuating regime (UF)), without going below 13°C or exceeding 28°C, respectively. The 16 and 8 h of light and dark characterized the daily light cycle, respectively, and it was the same for all thermal regimes. The mean temperature in the three selection regimes was the same in the three selection regimes (for a graphical representation of the three selection regimes, see Manenti et al., 2015) . Flies were selected in the three selection regimes for 20 generations before performing the phenotypic assays.
Phenotypic assays
After 20 generations of experimental evolution, 7 isofemale lines were established from each replicate within each selection regime. In order to achieve similar density of flies, for each isofemale line, groups of 40 eggs were transferred to vials with fresh food and randomly placed in the three thermal test regimes, leading to a total number of 189 isofemale lines (3 selection regimes × 3 test regimes × 3 replicate × 7 isofemale lines). We assayed four stress resistance and four life history traits in the offspring of the same 21 isofemale lines of each selection regime. Ten randomly chosen female flies from each line were tested for each trait, except for egg-to-adult viability and developmental time. We decided to have the same isofemale line in all three test regimes at the same time, instead of applying a block design. We were afraid that the limited number of replication for each isofemale line (10 samples) could markedly increase the error within line if blocked. It is important to note that the same isofemale lines were assayed in all life history and stress resistance traits. For a more detailed description of the origin of flies and of the selection regimes, see Manenti et al. (2014) .
Productivity. Productivity was assessed as the number of adult flies produced by a single female for 3 days from the age of 3 days in a 4-ml vial with standard oatmeal-sugar-yeast-agar medium. A total number of 1890 females was assayed.
Egg-to-adult viability and developmental time. Developmental time was the time taken by flies to complete the development, with time zero being defined as the time when the parental flies start to lay eggs. Egg-to-adult viability was measured as the ratio between the number of emerging flies out of 40 eggs. Egg-to-adult viability and developmental time were scored in three vials for each isofemale line, resulting in a total number of 22 680 eggs being assayed.
Body size. Body size was assayed as centroid size based on 11 landmarks (Slice, 1996) . The right wings were removed from 10 female flies of each line. The wings were dehydrated in ethanol and mounted on glass slides in lactic acid/ethanol (6:5). The coordinates of 11 landmarks were recorded for each wing by ImageJ 1.46r software (National Institute of Health, Bethesda, MD, USA). A total number of 1890 females was assayed.
Time to heat knockdown. Time to heat knockdown was measured as the time taken for flies to fall into a coma where they do not react to mechanic and light stimuli. A single fly was placed into a 5-ml vial that was submerged into a water tank at 37.5°C. A total number of 1890 females was assayed.
Chill coma recovery time. A single female was placed into a 5-ml vial that was submerged into a water tank at 0°C for 3 h. After this, flies were quickly moved to the laboratory at room temperature (ca. 22.5°C). The chill coma recovery time was recorded as the time until flies spontaneously recovered and they were able to stand on all legs. A total number of 1890 females was assayed.
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Desiccation. Desiccation tolerance was scored as the time flies could tolerate water deprivation before falling into a coma state, where flies did not react to an intensive light stimulus. A single female was placed into a 5-ml vial sealed with gauze to ensure equilibrium between the humidity inside and outside the vial. Vials were then put into an airtight tank with silica gel on the bottom, and with a relative humidity close to 0%. A total number of 1890 females was assayed.
Starvation. Starvation tolerance was measured as the time flies could tolerate food deprivation. In order to avoid dehydration of flies during the test, flies were kept in 7 ml vials containing 2 ml of agar-water solution. The number of flies that did not respond to external stimuli was scored every 8 h. A total number of 1890 females was assayed.
Statistical analysis
In the present study we reanalyzed the data originally collected by Manenti et al. (2015) , who studied the effect of different thermal selection and test regimes on several life history and stress resistance traits. The present study aims to investigate whether the adaptation to different thermal regimes can be affected by genetic correlations between traits. The analyses were divided in two parts. In the first section, the variancecovariance matrix (G matrix) was calculated in order to quantify the additive genetic variation of each trait in each selection and test regime, following a halfsib genetic model. Differences between replicates were tested for each trait by linear mixed model (Bates et al., 2014) with selection and test regimes treated as fixed effects and with replicate and isofemale line nested in replicate treated as random effects. We found a nonsignificant effect of replicate in our model and therefore removed the factor replicate from our model (data not shown).
In order to compare G matrices in different selection and test regimes we estimated pseudovalues of (co)variances by the 'jack-knife method' (Knapp et al., 1989; Fox et al., 1999; Roff, 2002) . This method allowed us to get multiple estimates of correlation between the same two traits by eliminating in turn one isofemale line (jth line) and then calculating pseudovalues of (co)variances between pairs of traits based on the remaining 20 isofemale lines. This led to 21 estimates of (co)variances within selection and test regimes. We decided not to apply logarithmic transformations on the variances obtained, as eventual negative logarithms affect the calculation of covariances. However, simulations made using the 'jack-knife method' to estimate genetic correlations showed that this method also worked properly with untransformed data (Roff and Preziosi, 1994; Simons and Roff, 1994) . To reduce the complexity of the data and to correct for eventual not-independency between estimates of (co)variances, we applied principal component analysis. The loadings of each principal component were used as response variables for the multivariate analysis of variance, whereas selection regime, test regime and the interaction between these two factors were the explanatory variables. P-values associated with the explanatory variables were obtained by a randomization process. We stored the approximated F-ratio of each explanatory variable (observed F-ratio). Then, we randomly assigned the different isofemale lines among selection and test regimes (repeated 10 000 times) and applied the same statistics to obtain a distribution of approximated F-ratios for the randomized populations. The probability of getting an approximated F-ratio for the randomized populations larger than the observed F-ratio was calculated as (n+1)/(10 000 +1), where n is the number of times where the randomized F-ratio4observed F-ratio. For more detailed information on the statistics applied, see Roff (2002) .
In the second part of the analysis, we looked at the distribution of genetic correlations between traits. This descriptive analysis aims at identifying which traits correlated the most and to visualize the difference between selection and test regimes found with multivariate analyses described above. For each selection and test regime we calculated Pearson's correlation coefficients (r) between pairs of traits based on the mean of 21 isofemale lines. We used false discovery rate to correct for multiple test comparisons, with a threshold for significance of Po0.001. The analyses were performed in R (R Core Team, 2015) . (Table 1) . Differences between selection regimes demonstrated that adaptation to different thermal regimes might occur through specific correlations between traits. The significant differences between test regimes indicate that genetic correlations between traits are environmentally specific. The interaction between selection and test regimes was nonsignificant, indicating that the three genetic correlations in flies from different selection regimes were affected by test regimes in a similar way (Table 1) .
RESULTS
Both selection and test regimes affected the distribution of genetic correlations between traits
The genetic correlation coefficients among all traits for each selection and test regime are reported in Table 2 . Among all selection and test regimes we observed 15 significant out of 189 tested correlations after multiple testing corrections. The nine matrices showed that significant correlations were found mainly between four traits, starvation tolerance, desiccation tolerance, body size and productivity. The largest number of correlations was observed in flies selected in the PF regime (eight) followed by flies selected in the UF regime (five), whereas two genetic correlations were observed in flies selected in the C regime (Table 2 ). Looking at the three test regimes, we observed one correlation in the C test regime, six in the PF test regime and eight in the UF test regime.
Flies selected in the C regime showed significant correlations between starvation tolerance and time to heat knockdown and between body size and productivity only when tested in the UF regime. Flies selected in the PF regime showed a negative correlation between starvation tolerance and productivity when tested in the C regime, between starvation tolerance and productivity, desiccation tolerance and productivity, starvation and desiccation tolerance and between developmental time and body size when tested in the PF regime, and between starvation tolerance and productivity, body size and productivity and between body size and starvation tolerance when tested in the UF regime. Flies selected in the UF regime showed negative correlations between starvation tolerance and productivity, desiccation tolerance and time to heat knockdown when tested in the PF regime, and between starvation tolerance and productivity, desiccation tolerance and time to heat knockdown and between body size and productivity when tested in the UF regime (Table 2) .
DISCUSSION
Laboratory natural selection in daily constant, predictable and unpredictable fluctuating thermal regimes affected the mean performance in stress resistance and life history traits of flies indicating adaptation to thermal regimes (Manenti et al., 2015) . Here we investigated the underlying genetic correlations between traits in different selection and test regimes. We tested whether genetic correlations between traits may interfere with evolutionary changes. We investigated (1) the presence of genetic correlations among several life history and stress resistance traits. Such correlations might be Trait correlations in fluctuating thermal regimes T Manenti et al Table 2 Genetic correlations between traits Rows represent selection regimes, whereas columns represent test regimes. In each matrix, the upper triangle shows the correlation coefficients, whereas the relative P-values are reported in the lower triangle.
a Significant P-values after multiple testing corrections.
Trait correlations in fluctuating thermal regimes T Manenti et al similar (a) or different (b) in flies selected in the different thermal regimes. Furthermore, we investigated (2) whether test regimes affected the correlations between traits in a nonadditive way (environmental correlations), resulting in different genetic correlations within selection regimes in different test regimes. We found that both selection and test regimes have a marked effect on shaping the correlations between traits, with no interaction between selection and test regimes. We observed 15 significant correlations out of 189 between trait correlations tested. Although this number is small, the correlations were consistently observed between productivity, body size, starvation and desiccation tolerance. A previous study of the genetic correlation between traits, using the same three test regimes as in this study, found no significant correlations between any traits in the base population (Manenti et al., 2014) . This suggests that genetic correlations evolved under the three thermal regimes (scenario 1-b) .
A negative correlation between starvation tolerance and productivity was observed among flies selected and tested in the two fluctuating regimes, indicating that more productive flies generally showed a poor starvation resistance. Thus, a higher number of genetic correlations was observed in flies selected in the two fluctuating regimes as compared with flies selected in the constant regime. This trade-off might be explained by the competitive allocation of the limited resources into reproduction or into starvation tolerance (Stearns, 1989) . The preference of allocating the resources to egg laying rather than to starvation tolerance can be the result of higher evolutionary relevance of the egg laying compared with starvation tolerance (Flatt, 2011) . Furthermore, flies selected in the PF regime and tested in the UF regime showed a negative correlation between starvation tolerance and body size. In these two regimes, lines with larger flies laid more eggs and were less starvation tolerant as compared with lines with smaller flies. However, when trait means were assessed, we found higher starvation tolerance and larger body size in flies selected in the PF and UF regimes compared with flies selected in the C regime. Thus, even if the results in trait means might indicate that larger flies could better tolerate food deprivation, the negative genetic correlation between these traits points in the opposite direction. The trade-offs between body size and starvation tolerance were different depending on whether we investigated the physiological costs at the intraindividual or the population level (Flatt, 2005) . Within isofemale lines individuals shared a similar genetic background, resulting in an expected fixed genetic correlation between traits. Thus, trade-offs observed within isofemale lines do not contribute to the evolutionary response expected at the population level (Flatt and Kawecki, 2007) .
We hypothesized that if correlations changed depending on the test regimes (environmental correlations), we would observe different correlations between traits in different test regimes (Service and Rose, 1985; de Jong, 1990) . We found that test regimes significantly affected the genetic correlations between traits, indicating a strong effect of test regime on the performance of flies (Hoffmann et al., 2003; Chown and Terblanche, 2007; Manenti et al., 2014 Manenti et al., , 2015 . The lower number of correlations observed in the C regime compared with both fluctuating regimes might be the results of more benign conditions experienced by flies in this regime compared with the two fluctuating regimes, as suggested earlier (Manenti et al., 2014) . The correlations observed between starvation tolerance and productivity in PF selected flies, and between desiccation tolerance and heat resistance in flies selected in the UF regime, were similar across test regimes. This indicates that the genetic correlations between these traits were determined by the selection regimes and were independent of the test regimes, as indicated by the nonsignificant interaction between selection and test regimes in the multivariate analysis of variance. However, for some other pairs of traits such as productivity and body size as well as starvation tolerance and productivity, we observed similar correlations when flies from all three selection regimes were tested in the UF regime. Contrary to what was said above, here it seems that the test regime determined the correlation between these traits. Correlations determined by the test environment might limit the potential for these traits to evolve in response to selection in these three thermal regimes. How strong the limitation in the evolution of traits is due to genetic correlations is not easy to quantify. A study showed that despite genetic correlations between morphological features of butterfly wings, independent evolution of the same morphological traits was still possible (Beldade and Brakefield, 2002) , suggesting a weak effect of genetic correlations on the evolution of these particular traits.
In summary, the results of this study show that correlations between traits may play an important role for the adaptation to varying environments. In particular, we showed that certain pairs of traits such as productivity and starvation tolerance as well as heat resistance and desiccation tolerance might interact enhancing adaptation to different thermal regimes. However, correlations between other pairs of traits such as body size and productivity or starvation tolerance and productivity were determined by test regime that can limit the evolution of these traits (Sgro and Hoffmann, 2004) . The results of this study also suggest that it is important assaying several traits and several environments to explore adaptation. Genetic and environmental correlations affect adaptation and they might lead to different outcomes, and results obtained in one environment cannot be considered fully informative regarding the response expected by the same population in another environment.
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